Abstract -Abiotic heterogeneity of the littoral zone of Lake Balaton influences both horizontal and vertical distribution of macrophytes, but biotic differences could shape the nature of a community. Vertical and temporal (small timescale) biomass distributions of Potamogeton perfoliatus and Myriophyllum spicatum were analysed in relation to their photosynthetic capacities to understand their coexistence, general presence over the northern shore of the lake seasonal shift of dominance within the community.
Introduction
Lake Balaton is the largest freshwater lake in Central Europe by surface area (598 km 2 ) and lies in the centre of the Pannonian Basin. Its relative shallowness (average depth y3.5 m) combined with the large surface determines its turbid nature and the highly variable light climate of the lake. The sediment of Lake Balaton (especially on the northern shore) consists mainly of manganese rich calcite of lacustrine origin and together with the prevailing regional northern winds determines the turbid nature of the lake. Thus, Lake Balaton is colonised mostly by submerged macrophytes that could withstand low irradiances.
Potamogeton perfoliatus L. (Potamogetonaceae, clasping-leaf pondweed) and Myriophyllum spicatum L. (Haloragaceae, Eurasian watermilfoil) are two of the most common, stand forming, rooted, submerged macrophytes of Lake Balaton. These macrophytes coexist all over the littoral zone of the northern shore. At the end of summer, there is a well-distinguished shift of dominance between the two submerged rooted macrophytes: although P. perfoliatus is the first to appear, to reach the water surface and to bloom all over the lake, by the end of summer M. spicatum in the major part of the northern shore becomes more dominant and outgrow the pondweed (personal observation).
Propagation and growth of P. perfoliatus and M. spicatum are affected by a vast number of factors, but availability of light is considered to be one of the most important (Barko et al., 1982; Kemp et al., 1985; Asaeda et al., 2004) . Submerged macrophytes typically show low gas exchange rates (both photosynthesis and dark respiration) and low compensation irradiances, but at saturating (optimal) light intensities can produce significantly higher photosynthetic and respiratory rates (Bowes and Salvucci, 1989; Duarte, 1991; Rae et al., 2001) . These plants are interacting with each other and other macrophytes, competing for the source of energy and nutrients (Chambers and Prepas, 1990; Abernethy et al., 1996; Agami and Waisel, 2002; Baattrup-Pedersen et al., 2003) .
Empirical studies on temporal variability of macrophyte communities mainly focused on long-scale dynamics (Fisher et al., 1982; McCreary, 1991) and less on the smallscale temporal patterning (Barrat-Segretain and Amoros, 1996) , although the latter might give significantly more information about the coexistence and competition of the studied species. Affinity of an aquatic macrophyte for sources of energy, nutrients and carbon determines its interspecific competitiveness in mixed stands (Agami and Waisel, 1985; Van et al., 1999; Davis and Fourqurean, 2001; Barrat-Segretain, 2004) , while the spatial and temporal fluctuations of these affinities determines the spatial patchiness or the temporal succession of the submerged macrophytes at a site (Bonis and Grillas, 2002; Roxburgh et al., 2004) .
Little is known about the evolutional and ecological significances of the small time-scale interspecific competition. To understand the interactions within the littoral macrophyte community, the knowledge of seasonal, intrinsic variability in the productivity and biomass distribution of the studied plants is essential. The goal of this study was to evaluate the effect of seasonal variability of photosynthesis on the interspecific competition and success of rooted submerged macrophytes of Lake Balaton. We hypothesized that the seasonal change of photosynthetic parameters trigger the shift from P. perfoliatus to M. spicatum-dominated macrophyte stands on the northern shore of Lake Balaton.
Materials and methods

Sampling site
For this study a transect in a recreationally nondisturbed area (Szigliget Basin) of Lake Balaton was selected (Fig. 1) . This site was chosen because of its typical geomorphology and macrophyte composition. The first point of the transect (N46x47'18.03'', E17x25'37.28'') was placed in front of a small, 65 m wide reed bed. The last point of the transect (N46x47'14.03'', E17x25'29.87'') was 200 m SW of the first one. At five sampling points, evenly distributed along the transect, sediment was analysed for total P, N and K content with no replicates (Table 1) . Water temperature and irradiance was monitored at the 14th point of the transect at six depths within the macrophyte stand with pendant temperature and light sensors (Onset Computer Corporation, US) ( Table 2 ). Light attenuation coefficient (K d , m x1 ) of the whole water column with plants was calculated from the slope of the linear regression of averaged irradiances collected by depth and related to the depth of measurements (Table 2 ). 14th point Figure 1 . The view on Europe, the Lake Balaton and the delimited area of the sampling site with the transect and 14th sampling point. On the larger map of the sampling site the light grey area presents the open water, while the dark grey area are the reed stands of the Lake Balaton.
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Plant material
For our experiments clasping-leaf pondweed (Potamogeton perfoliatus L., Potamogetonaceae) and Eurasian watermilfoil (Myriophyllum spicatum L., Haloragaceae) were used.
Photosynthesis measurements
The photosynthesis measurements of P. perfoliatus was studied between the 4th of April and 10th of August for 16 times, while M. spicatum's primer productions was determined on nine occasions between 26th of April and 18th of August. The sampling was always performed between 9:00 and 10:00.
Close to the 14th point of the studied transect, at depth of 1.9-2 m, 10-12 intact, healthy looking plants of P. perfoliatus and M. spicatum were collected for photosynthesis measurements. The plants were transported within an hour to a laboratory in a darkened cooling box filled with lake water. In the laboratory, 1-2 fully mature, youngest leaves (ca. 50 cm from apex) were collected from each plant and were used for photosynthetic measurements (To´th and Herodek, 2009 ). In general, 1-2 leaves were placed into each 300 mL Karlsruhe vial (WTW, Germany) filled with filtered (pore size 0.45 mm) lake water. All 18 Karlsruhe vials (three vials for each irradiance) were placed into an incubation tank specially designed for photosynthesis measurements (To´th and Herodek, 2009) . Fluorescent tubes (F33 Coolwhite, Tungsram, Hungary, correlated colour temperature 4000 K) were used as source of light and RE50NEARL Scotchshield @ Ultra Safety and Security Window film (3M, USA) was used for light quenching (To´th and Herodek, 2009 ). The film was applied to different areas of the incubation tank in growing number of layers, thus producing a range of light (18, 43, 113, 205, 408 and 780 mmol.m x2 .s x1 ). Irradiance was constantly monitored by a spherical irradiance sensor (US-SQS/L, WALZ, Germany) attached to a data logger (LI 1400, LI-COR Biosciences GmbH, Germany). Temperature of photosynthesis was set to the actual water temperature of Lake Balaton (cooling-heating bath, Neslab RTE-17, Thermo Electron, USA). Mixing was provided by stirring bars and specially made magnetic stirrers (rotation speed 30 rpm) placed under the incubation tank (To´th and Herodek, 2009 ). Prior to measurement, the plants were incubated for 30 min in darkness in the Karlsruhe vials. Photosynthesis was measured using oxygen electrode (TriOxmatic 300, WTW, Germany) connected to a data logger (Oxi 539 microprocessor precision oxygen meter, WTW, Germany) with 30 min incubation time. Dark respiration was measured with light source switched off for another 30 min. The pH and DIC of the incubation water was constantly monitored and was replaced after each set of measurements, nevertheless the changes within the Karlsruhe vials never exceeded the 1%. Along the vegetation period the pH was 8.39 ¡ 0.09 and the DIC was 51.8¡ 1.0 mg.L x1 . The data obtained from photosynthesis measurements were fitted with a modified exponential saturation model of Platt (Platt et al., 1980) :
The equation contains the following parameters:
is the photosynthetic activity at the I irradiance (mmol.m x2 .s x1 ), P s is the actual light saturated photosynthetic activity, a is the photosynthetic, while b is the inhibition coefficient and
and irradiance of light inhibition of photosynthesis I b ¼ P s =b were calculated.
To estimate the water depth where the light reaches the compensation (I c ) or the theoretical saturation (I k ) irradiances transformed Lambert-Beer equation (I z 
, Z c is maximum depth of colonization, Z k is the light saturation depth, while I 0 is the inherent irradiance.
Cover and biomass
Abundance of macrophytes along the transect at the pre-determined points was quantified by visual estimation (cover %) within the whole water column under a floating 1 m 2 quadrant. The abundance of plants was monitored each month from May to September.
In the close proximity (within 2 m) of the 14th sampling point of the transect at the depth of 1.9-2 m, in an area with the same species composition, density and water depth, plants for biomass were sampled once a month at the day of cover estimation. A sampling quadrant (0.25 m 2 ) fitted with a 2 m-long net was lowered to the lake bottom. Following its underwater assemblage, all macrophytes trapped within the net were pulled out of the sediment, later rinsed to remove sediment and periphyton. Plant biomass was sorted by species and optical regions, i.e. part of biomass situated within the water column in a region of special optical environment. The optical regions of the water column were defined as following: minimal -water levels with irradiances lower than I c (from sediment till Z c , see above), suboptimal -where the irradiance is between I c and I k and optimal -where the irradiance is higher than I k (from the surface of the water till Z k , see above). For each biomass portioning the K d at the time of biomass sampling and the closest measured I k and I c results were used. In laboratory, partly dehydrate macrophytes were cut and grouped into these regions. These biomass portions were oven-dried (Heraeus T6, Heraeus, USA; at 105 xC for 72 h), weighted (OHAUS Explorer, Ohaus Corp., USA) and expressed as grams of dry weight per unit surface area.
Mathematical and statistical analysis
The photosynthesis data were fitted with exponential saturation model (Platt et al., 1980) , total macrophyte biomass data were fitted with a Gaussian, four parameter function (y ¼ y 0 þ ae (Baier and Neuwirth, 2007) . Assumptions of normality and homoscedascity were determined and, when necessary, data were transformed to attain a normal distribution.
Results
Study area
At the studied transect the water depth showed steady increase from 1.4 m up to 2.2 m at the last point of the transect (Table 1 ). The character of the sediment throughout the transect was predominantly homogeneous, loose, siliceous calcite-dolomite sediment. There was no observable nutrient deficiency in the studied plants, the total nitrogen was 2.78 ¡ 0.06 g.kg x1 , total P was 320¡ 14 mg.kg x1 , total K was 53¡ 12 g.kg x1 (Table 1) . Table 2 shows the temperature and irradiance at different depth within the water column of the photosynthesis sampling point on four occasions of the vegetative period.
In general, the light attenuation coefficients at the sampling point during May, June, July and August (measured of several occasions, average ¡ SD) was 1.89¡ 0.95, 2.02¡ 0.79, 2.57 ¡ 0.69 and 2.22 ¡ 0.66 m x1 , respectively.
Macrophyte growth and biomass accumulation
At the studied site, both P. perfoliatus and M. spicatum were present during each of the six sampling events. P. perfoliatus was most abundant (y35%) in the shallow water part of the transect ( Fig. 2A) . At this side of the transect the cover peaked in end of June, while at deeper parts of the transect the cover was smaller (y10%) and reached its maximum later (end of July, August) ( Fig. 2A) . On the other hand M. spicatum reached the peak of its abundance also at the shallow part of the transect (y38%), but slightly later than P. perfoliatus, i.e. at the beginning of August ( Fig. 2A) . Starting from late June there were both P. perfoliatus and M. spicatum in the deeper (over 1.8 m) water, but with clear and obvious aggregation into well separated small colonies (Fig. 2) .
Close to the 14th sampling point of the transect plants for biomass analysis were collected. On the first sampling date P. perfoliatus and M. spicatum plants were small (under 60 cm), the dry biomass of the plants reached 43 and 24 g.m x2 , respectively (Fig. 2) . In June the biomass of P. perfoliatus doubled, while the biomass of M. spicatum nearly tripled (Fig. 2) . The sampled biomass of P. perfoliatus reached its maximum at the end of June and topped at 155 g drw.m x2 (Fig. 2B ). In July and August the biomass of P. perfoliatus gradually decreased to 58 g drw.m x2 , and in the cold water of the September nearly vanished (data not shown). The M. spicatum reached its seasonal maximum of biomass in July (146 g drw.m x2 ), but throughout summer the plant biomass showed little variation (under 5%). The fitted 4-parameter Gaussian function positioned the apex of the curves for P. perfoliatus on 4th of July at theoretical maximum biomass of 125 g drw.m x2 (Fig. 2B , solid line), while M. spicatum topped on the 24th of July with biomass of 159 g drw.m x2 (Fig. 2B, dotted line) .
Photosynthesis
The photosynthesis light response curves were typical, characterizing the underlying photophysiological processes, that is the efficiency of light utilisation and CO 2 uptake of macrophytes (Fig. 3) . Based upon each set of photosynthesis data, light saturation curves were fitted (see Materials and methods) and here the most important photosynthetic parameters are discussed. The maximal intensity of photosynthesis (P max ) of P. perfoliatus during the vegetation period changed between 12.1 and 46.2 mg O 2 .g drw x1 .h x1 and showed strong, positive correlation with the date of experiment (Fig. 4, Table 3 ). The intensity of dark respiration (R d ) decreased during the season from 24.6 in spring to 1.4-4.1 mg O 2 .g drw x1 .h x1 by the end of summer (Fig. 4 , , showing a positive seasonal (R = 0.82, P < 0.01) correlation (Fig. 4, Table 3 ), while P max , R d and I c of milfoil plants showed high variation during the vegetation period, (Platt et al., 1980) . The Rthus the data had no recognisable seasonal tendency (Fig. 4, Table 3 ).
Depth distribution
Based on result of photosynthesis measurements, the seasonal change incident irradiance (Table 2 ) and the light attenuation within the water column (Table 2) , light saturation depth (Z k ) and maximum depth of colonization (Z c ) of P. perfoliatus and M. spicatum were calculated. The light saturation depth of P. perfoliatus and M. spicatum plants showed high variability during the vegetation period significantly decreasing from 1.3-1.7 m in the spring to 0.4-0.9 m in the end of summer (Fig. 5,  Table 3 ). During the time span studied, the maximum depth of colonization (Z c ) of P. perfoliatus had no recognisable seasonal pattern, changing between 1.2 and 2.4 m, while Z c of M. spicatum had strong, negative and significant correlation with the date of sampling (Fig. 5,  Table 3 ). In the beginning of the vegetation period, the maximum depth of colonization of M. spicatum plants was lower than the Z c of the P. perfoliatus (2.2-2.7 and 1.7-2.3 m, respectively), but by the end of July (two lines are crossed at 07.12. and 1.9 m) the average Z c of milfoil became higher (1.2-1.7 m as compared to the 1.2-2.4 depth of P. perfoliatus) (Fig. 5) .
The layer within the water column of P. perfoliatus specific suboptimal irradiance (Z c < I so < Z k ) gradually increased during the season (from 0.4-0.8 to 1.1-1.4 m), while in the case of M. spicatum the region stayed literally unchanged throughout the summer (1.0¡ 0.2 m) (Table 1) , and by the end of the summer became smaller than in P. perfoliatus plants (regression lines crossed at date of 07.15. and at a depth difference of 1 m) (Fig. 5) .
Biomass partitioning and production
Using data of Z c and Z k we separated biomass of macrophytes into plant parts grown under minimal (biomass situated at greater then Z c depth), suboptimal (fraction of plant between Z c and Z k depths), and supraoptimal (biomass portion over Z k depth) irradiances (Fig. 6) . At the first sampling date whole plant biomass 
maximum depth of colonization (Z c -m) and light saturation depth (Z k -m) of Potamogeton perfoliatus and Myriophyllum spicatum to date of sampling. Significance of correlation: ns, P > 0.05; *, P j 0.05; **, P j 0.01; ***, P j 0.001. Number of replicates: for Potamogeton n = 16, for Myriophyllum n = 9. of P. perfoliatus and M. spicatum situated in the suboptimal, but over the minimal required irradiance (Fig. 6) . First, at the end of May the upper 33% of the P. perfoliatus and the upper 18% of the M. spicatum grew into the zone of supraoptimal irradiance. For the following five sampling periods, the proportion of P. perfoliatus in this supraoptimal light environment stayed literally unchanged (35, 38, 34, 27%) . On the other hand, M. spicatum constantly increased the fraction of its biomass in the upper, light-saturated part of the water column, gradually reaching 54% at the end of summer (Fig. 6 , white areas). Production of P. perfoliatus and M. spicatum estimated on the basis of maximal photosynthesis, dark respiration (Fig. 4) , and the vertical distribution of plant biomass (Fig. 6) showed that pondweed exceeded watermilfoil only in the beginning of the vegetation period and the difference was only marginal (Fig. 7) . Starting in June, the production of M. spicatum was higher and by the end of summer this difference exceeded 50% (Fig. 7) .
Discussion
Potamogeton perfoliatus and Myriophyllum spicatum are able to coexist in temperate lakes, moreover in Lake Balaton they are the major stand-forming species. Although these macrophytes are found all over the littoral zone of the lake, in all basins, they develop extensive, mixed beds only on the northern shore, while on the southern shore there is no significant tendency of mixing.
As a response to potentially limiting transparency of the water of Lake Balaton (Table 2) , P. perfoliatus and M. spicatum show photosynthetic features similar to those found in shade leaves of terrestrial plants (Bowes and Salvucci, 1989; Dring, 1991) , i.e. low compensation and saturation irradiance and high photosynthetic rates at saturating light (Fig. 4) (Caffrey and Kemp, 1991; Harley and Findlay, 1994) . The measured parameters for both macrophytes were higher than previously published (Titus and Stone, 1982; Goldsborough and Kemp, 1988; Harley and Findlay, 1994) , but within the acceptable range. On the basis of these data it may be stated, that these species occupy the same virtual place (niche) in the macrophyte community and compete for the same source of energy, light. Although we hypothesized that coexistence of P. perfoliatus and M. spicatum in Lake Balaton could be affected by seasonal fluctuations of photosynthetic parameters, the observed differences alone are not sufficient to initiate the described shift of dominance. Thus, the effect of photosynthesis of the interacting species could have significant effect only when combined with the macrophyte's growth form, i.e. the vertical distribution of the biomass.
Both macrophytes appear in the lake in significant biomass in April, since a lot of M. spicatum plants (and some of P. perfoliatus) overwinter under the ice. In spring and early summer Myriophyllum is outgrown by P. perfoliatus (Fig. 2B ), but this tendency in the middle of the summer is reversed due to the tripling of M. spicatum's versus doubling of P. perfoliatus's biomass (Fig. 2B ). This phenomenon happens mainly due to extensification of growth, increase of biomass in a specific region, i.e. elongation and branching of already present macrophytes (increase of biomass proportion in the upper water levels) and not by appearance of new shoots (increase of biomass proportion in the lower water levels) (Fig. 6) .
Although at the end of the summer submerged macrophytes (especially P. perfoliatus) are consumed mostly by waterfowl (ducks, swans and coots), fishes (grass carp) and some invertebrates (insect larvae and snails), in general grazers in Lake Balaton have no major impact on decrease of P. perfoliatus biomass, and carry only the local importance. Nevertheless, by the end of the summer, the main cause of the biomass decrease in P. perfoliatus seen on Figure 2B could be the (intra-and interspecific) Figure 7 . Production of Potamogeton perfoliatus (grey bars) and Myriophyllum spicatum (white bars) along the vegetation period in Lake Balaton estimated from vertical biomass distribution and photosynthesis data.
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Seasonal changes in biomass showed a relatively low maximum biomass density both for P. perfoliatus and M. spicatum (Fig. 2B) , indicating the far from ideal conditions for growth. The maximum biomass density is one magnitude lower than was previously measured at the same site (personal observation). Although several environmental factors could be responsible for the lower biomass, we observed no nutrient deficiency at the site of the experiments (Table 1) .
When the size of plant exceeds the boundary of an environmental factor the overall phenotypic integrity is disrupted and significant intraspecific variability occurs (Bassow and Bazzaz, 1997; Gutschick, 1999; Torres Boeger and Poulson, 2003) . Despite the well established assumption that both P. perfoliatus and M. spicatum are shade-tolerant plants, our results show that only by the end of summer and only the basal part of these macrophytes were located at depth with minimal, i.e. lower than light compensation irradiances (Fig. 6) . Moreover, in August half of watermilfoil's biomass concentrated at the upper part of water column with optimal light intensities (over I k ), while the ratio of biomass of P. perfoliatus in this region was significantly lower (Fig. 6 ). This extensive growth of M. spicatum in the upper, well-lit part of the water column increases the light exposure and shades the competitors which consequently results in deterioration of basal leaves of P. perfoliatus plants. Such extensive architectural alteration supported by even a minor photophysiological difference (Fig. 4) increased the productivity of Myriophyllum over Potamogeton (Fig. 7) , and could be the cause of the visible shift of dominance from P. perfoliatus to M. spicatum.
Vertical pattern of biomass distribution is already recognized as an important factor in competition of aquatic macrophytes (Duarte and Kalf, 1986; McCreary, 1991) , and played a significant role in the shift of dominance between the two studied macrophytes. Although there are observations that indicated the low growth rate of M. spicatum compared to P. perfoliatus (Titus and Adams, 1979; Madsen et al., 1991; Cenzato and Ganf, 2001) , in our results it seems to be only a seasonal phenomena, since at a certain stage of their coexistence the M. spicatum outgrew P. perfoliatus (Fig. 2) . Moreover, the increase of the milfoil biomass was a result of intensive branching in the upper part of water column, with optimal (saturation) light conditions.
Conclusion
Minor seasonal modifications of otherwise conservative photosynthetic apparatus of Potamogeton perfoliatus and Myriophyllum spicatum were observed in the Lake Balaton which could not be correlated with the observed shift of dominance in the macrophyte associations of Lake Balaton on itself. The more plastic, autogen seasonal tendency of M. spicatum's biomass accumulation supported by the changes in the photosynthetic apparatus resulted in the increasing abundance of the Myriophyllum plants in the end of summer. The strategies of submerged macrophytes overcoming the low irradiance of the lake are different, too: P. perfoliatus rise above low-light depth by higher initial (springtime) growth rates reaching water surface earlier than milfoil, while M. spicatum growing more slowly, but concentrating its biomass at the most illuminated part of the water column. Thus, photosynthetic and architectural differences between the studied plants together determine the performance and consecutively the coexistence of Potamogeton perfoliatus and Myriophyllum spicatum in Lake Balaton.
